Purpose: This paper focuses on tracing GHG emissions across the supply chain industries associated with 10 the U.S. residential, commercial and industrial building stock and provides optimized GHG reduction 11 policy plans for sustainable development. 12 Design/Methodology/Approach: A two-step hierarchical approach is developed. Firstly, Economic Input 13
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Buildings and environmental sustainability nexus 39
In the U.S, building stock consumes a significant amount of energy, thus resulting in GHG emissions, since 40 most of the energy is being provided by nonrenewable sources such as coal, natural gas, etc. (Teng and Wu, 41 2014; Onat et al., 2014) . According to the U.S. Green Building Council's report, buildings account for 39% 42 of CO 2 emissions in the U.S. Projections of new building is in the range of 15 million units by 2015 43
indicating that the building sector will continue to be a major contributor of increasing global CO The U.S. economy consists of over 400 industries where each industry hypothetically has over 400 supplier 76 industries, which contributes to the downstream supply chains (Egilmez et al., 2013; 2014) . In this regard, 77 studying infrastructure systems without considering upstream suppliers might have misleading results, 78 which can lead to long term policy making failures. For instance, in a National economy level sustainability 79 assessment study, Onat et al. (2014) found out that certain supply chain industries such as "Electric Power 80
Generation, Transmission, and Distribution", "Cement Manufacturing", "Oil and Gas Extraction", "Truck 81
Transportation", "Iron and Steel Mills and Ferroalloy Manufacturing", "Petroleum Refineries", and "Lime 82
and Gypsum Product Manufacturing" industries accounted for over 50% contributions to the total carbon 83 footprint associated with building construction and its supply chain impacts. Therefore, implementing input 84 output-based life cycle assessment models is of importance to account for the supply chain-linked impacts 85 objective programming and linkage analysis approach to identify the key CO 2 emission sectors and 134 optimized production structure in order to reduce emission. 135
All in all, GHG emissions in regards to building industry in U.S. is critical as the U.S. economy and 136 population will continue to grow, which will result in a significant growth in building stock. Therefore, 137 studying the U.S. building sectors in terms of GHG emissions reduction is critical for long term 138 sustainability policy making, which is also in parallel with the climate act plan addressed by President 139
Obama. This paper proposes an integrated EIO-LCA and Mixed Integer Linear Programming (MILP) 140 approach to provide optimal carbon footprint reduction policies for the residential, commercial, and 141 industrial buildings in the U.S. 142
Materials and methods
143
An integrated approach is implemented due to the need of combining the results of LCA with the proposed 144 optimization model. In the first phase of the integrated methodology, EIO-LCA was utilized to trace the 145 onsite and supply-chain linked carbon footprint and economic output of residential, commercial and 146 industrial buildings' construction and then the proposed policy programming model is used to find the most 147 carbon emitting industries in the supply chains and assign the % carbon emission reduction policies 148 individually for each industry. The integrated methodology is also depicted in figure 1. The steps of the 149 methods, related formulations and data collection are given in the following sub-sections. 150 LCA methodology considers the sector-level interdependencies and represents sectoral direct requirements, 160 which are represented by the A matrix. This matrix includes the dollar value of inputs required from other 161 sectors to produce one dollar of output. Hence, the total output of a sector in this economic model with a 162 final demand of f can be written as (Joshi, 2000) : 163
where x is the total industry output vector, I represents the diagonal identity matrix, and f refers to the final 165 demand vector representing the change in a final demand of desired sector. Moreover, the bracketed term 166 
Subject to: 193 The first four constraints (Eq. 4, 5, 6 and 7) are the allocation constraints for the indicators such as profit, 207 income, tax and import, respectively. The fifth constraint (Eq. 9) limits the total GHG emissions allocation 208 of sectors to the current total multiplied by the GHG emissions' reduction coefficient (0 ≤ ε ≤ 1). The last 209 two constraints (Eq. 9 and 10) consist of the lower and upper bounds of the decision variables for optimal 210 economic use and GHG multiplier, where the upper bound is the actual value and the lower bound is 211 determined by the selected reduction strategy (see Table IV for 16 GHG reduction strategies). 212 Table II  217 illustrates an example for residential building construction industry. For instance, related to residential 218 building construction industry, there are 189 sectors with different amount of economic outputs in the 219 supply chain, which provides the residential construction industry's tangible and intangible inputs. Sector 220 1, abrasive product manufacturing, indicates a total of 69.6 M$ economic activity. Due to this economic 221 activity, a total of 98 M$ economic activity occurs in the supply chain of abrasive product manufacturing.Therefore, by multiplying the GHG emissions per M$ economic activity (so called GHG multiplier) with 223 the economic output, an individual sector's total (onsite plus supply chain related) GHG emissions are 224 quantified. Same logic is also applied to all remaining industries in the supply chain which will yield the 225 total GHG emissions associated with residential buildings. 226
Data collection and experimental setup
In terms of experimental setup, four main overall GHG reduction strategies are implemented, namely: 10%, 227 25%, 50% and 75% reduction in the total GHG emissions (onsite + supply chain industries). The MILP 228 model simply finds the optimal reduction percentages in GHG emissions for each industry in the supply 229 chains by either reducing the GHG multiplier, or the economic output or both. This holistic focus is assumed 230 due to the inherent interest of studying the impact of economic output and GHG multipliers together on 231 GHG reduction. Therefore, four reduction percentages are also used for the GHG multipliers and economic 232 outputs individually: 10%, 25%, 50% and 75%. Therefore, for each building category, a total of 4x4x4=64 233 cases are experimented. Therefore, a total of 192 scenarios are run with the MILP model for all three 234 building categories as summarized in Table 3 . As mentioned before, there are three buildings category in 235 this research where 64 scenarios for each building category so that a total of 192 scenarios analyzed as 236 shown in Table III . Each scenario is run with the proposed MILP model. Then, the results of all scenarios 237 were combined in order to calculate the mean and standard deviation of GHG reduction requirements (in 238 %s). The process of obtaining the means and standard deviations were explained in the following result and 239 discussion section. 240 
Results
246
The optimal GHG reduction (%) results of the three building categories (namely residential, commercial 247 and industrial buildings) are presented based on the mean and standard deviation of the major responsible 248 sectors in the supply chains for each building category. The most responsible top 20 sectors are highlighted 249 in the results section. 250
Overall GHG reduction policy strategies 251
As the final step of the analysis, the mean and standard deviation of all scenarios were obtained by taking 252 the top 20 majorly responsible sectors in each building construction industry category. Table IV shows an 253 example about the process of how obtain the mean and standard deviation of 10% overall GHG reduction 254 policy results. For instance, sector 1 (ready-mix concrete manufacturing) is required to achieve the highest 255 % reduction of GHG according to the 1 st scenario, whereas cement manufacturing required to have 39% 256 GHG reduction in its processes in scenario 16. The mean and standard deviation of the % reduction of these 257 scenarios were then calculated (in this example, mean: 27% and std. dev.:10.3%). The same process is 258 applied to the cases of commercial and industrial building construction industries. The results of the 259 remaining cases are given in the following sub-sections. 260 
263
Residential building construction industry 264
In this section, the results of residential buildings case are provided. The results of the top 20 sectors with 265 the highest GHG reduction requirement are illustrated in figures 2, 3, 4 and 5 where ach represents an 266 overall GHG reduction policy, namely 10%, 25%, 50% and 75%. Figure 2 shows the 10% overall GHG 267 reduction and indicates that the highest contributor sector to the overall GHG is Ready-mix concrete 268 manufacturing which requires an average of 27% reduction in its GHG emissions, which is followed by 269 petroleum refineries with 16% reduction, electric power generation, transmission, distribution and truck 270 transportation with the average of 13% and 8% respectively. Cement manufacturing contributes on the 271 average of 5% higher than retail manufacturing and lime and gypsum product manufacturing. Although it 272 was expected that plastic product manufacturing and fertilizer manufacturing would contribute a higher 273 percentage reduced in the analysis, it only resulted in 3% and 2% reduction requirements, respectively, 274 which are significantly lower than ready-mix concrete manufacturing. Asphalt paving mixture and block 275 manufacturing required 1% reduction on the average, which is the same as for sawmills and wood 276 preservation and concrete pipe, brick and block manufacturing. As commercial buildings keep on growing, sectors that support the industry are also affected by the 315 development. There is a need to thoroughly monitor the sectors that contribute the most GHG emissions in 316 commercial buildings as indicated in Figure 6 . "Electric power generation, transmission and distribution" 317 sector are found to have the highest average GHG reduction of 15% while "Petroleum refineries" and "Plate 318 work and fabricated structural product manufacturing sector" accounted for 11% and 9%, GHG reductions 319 respectively. The "Electric power generation, transmission and distribution" sector appeared as the top 320 responsible sector twice in both commercial and residential building structures' supply chains. This 321
indicates that clean and renewable energy production is up-most critical for achieving sustainable climate 322 change policy making, which is also in parallel with the President's climate act plan. 323
The most responsible sectors in the industrial building structures supply chains are found to be "Petroleum 324 refineries", "lighting fixture manufacturing" and "Other purpose machinery manufacturing" as shown in 325 Figure 6 . Again, it is evident that "petroleum refineries" sector appeared to be the most affected sector in 326 the overall GHG impact for industrial and commercial buildings. The same conditions like "Electric power 327 generation, transmission and distribution" and "Petroleum refineries" also need to be highly monitored in 328 term its usage in order to limit the release of GHG emissions. Combining these sectors overall, it is indicated that six sectors appeared to be very critical in terms of GHG 336 reduction across the supply chains. Those sectors are found to be as "Electric power generation, 337 transmission and distribution"(24%), Petroleum refineries"(23%), "Ready-mix concrete 338 manufacturing"(19%), "Plate work and fabricated structural product manufacturing"(9%), "Lighting 339 fixture manufacturing"(27%) and "Other general purpose machinery manufacturing"(16%) (See Figure 8) . 340
As discussed previously, the aforementioned sectors appeared repeatedly in all buildings structures and it 341
shows that these sectors are the GHG emissions sinks in the supply chains of the building structures. 342 
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Other general purpose machinery manufacturin g 16% many other industries (Power generation was the top driver). Furthermore, the "lighting fixture 363 manufacturing" sector was identified as one of the most responsible sectors for GHG reduction for the 364 industrial building construction industry and its supply chains. 50% reduction policy necessitates the 365 lighting fixture manufacturing sector to reduce its GHG impact by 19% as the top driver industry. All in 366 all, ready-mix concrete manufacturing, electric power generation, transmission and distribution, and 367 lighting fixture manufacturing sectors generally found to be the heaviest GHG emitter (carbon intensive) 368 industries in the supply chains. 369
In terms of practical implications, input output extended LCA needs to be integrated into the building 370 construction projects as a requirement. Most of the regions in the U.S. are now in a transition process from 371 using fossil fuels in electricity production to the renewable alternatives. However, in most of the green 372 building initiatives, input-output extended or hybrid LCA models are not typically used, instead process 373 LCA methodology is preferred, which could cause up to 50% truncation errors in estimating the total life 374 cycle impacts. The main policy-related output of this study is that petroleum refineries, power generation 375 and lighting fixture manufacturing industries are responsible for about 23% to 27% of the total GHG 376 impacts in the supply chains. The decision making in terms of construction-related expenses from suppliers 377 (especially the raw materials supplied by petroleum, lighting fixture manufacturing industries and other 378 significant pollutant industries), and type of electricity (renewable or nonrenewable) to be used needs to be 379 regulated and evaluated by stakeholders and these impacts need to be addressed in construction project 380 plans of commercial, industrial and residential buildings. In residential building policy making, currently 381 building code programs are being applied and majority of coastal states in the U.S. are highly responsive 382 to the policy making agenda. However, the coding system needs to be aligned with the region's renewable 383 energy production ratio. For instance, regions that need more renewable energy need to require higher level 384 of coding in terms of energy efficiency. Additionally, raw material extraction phases need to be integrated 385 into a similar coding system as well so that construction companies will tend to use resources that require 386 less transportation and are more local to support local communities, socio-economic improvement in local 387 regions. 
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